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Introduction
The events of the financial crisis have highlighted the importance of understanding liquidity in financial markets. In equity markets, there is an extensive body of literature that investigates the microstructure of asset liquidity.
1 However, for option markets, the literature on liquidity is very thin and to our knowledge there are no studies on the intraday determination of equity option liquidity. 2 For the US options market, Wei and Zheng (2010) show that option volatility is the most important determinant of daily option liquidity, and Cao and Wei (2010) document strong liquidity commonality in daily data, even after controlling for the impact of the underlying market.
In this paper, we seek to address a gap in the literature on equity option liquidity by providing an intraday analysis of an extensive high frequency dataset of all individual equity options trading at NYSE LIFFE Amsterdam, London and Paris. In particular, we focus on two main aspects of option liquidity: (i) the intraday behaviour of equity option liquidity and its determinants and (ii) the influence of macro-economic events and commonality on intraday equity option liquidity.
Regarding the first aspect of the paper, we initially examine the extent to which inventory management models can explain the intraday behaviour of liquidity in the equity options market. Importantly, while several studies present evidence of the intraday behaviour of 1 Several recent market microstructure studies investigate liquidity determination in the order book (Danielsson and Payne, 2012) , the effect of the introduction of the electronic order book on liquidity (Gregoriou, forthcoming), commonality in liquidity (Dunne et al., 2011) , liquidity and market making (Montalvo, 2003) and hidden liquidity (Pardo and Pascual, 2012) .
liquidity measures in settings with specialist market makers, the only previous study on both spreads and depths for a competitive dealer market is by Frino et al. (2008) for the Sydney Futures Exchange (SFE). These authors show that, in the context of changing financial market structures, more evidence is needed in order to conclude that inventories are driving trading costs in the setting of a competitive dealer market. We contribute new and different evidence to this debate. In contrast to Frino et al. (2008) , we demonstrate that inventory management models cannot explain the intraday variation in option spreads and depths. We further study the determinants of intraday equity option liquidity, and show that the option liquidity measures are strongly correlated with option volatility. In contrast to the expected outcome if inventory risk were an important component of the bid-ask spread, increases in volume and volatility at the Amsterdam market are generally associated with decreases in liquidity. These findings are in line with information asymmetry models. However, for
London and Paris, we find evidence to support both the information asymmetry and inventory management models.
Relating to the sources of option liquidity, the literature is silent on the effect of macroeconomic news announcements on intraday option liquidity. 3 Further, we use Principal Component Analysis (PCA) to identify the intraday pattern of systematic liquidity that may drive this relationship. We provide evidence that option liquidity reacts strongly to macroeconomic news announcements that are related to country-specific, European and US events. The average systematic liquidity component is 12% for Amsterdam, 14% for London and 16% for Paris. Systematic liquidity varies considerably during the trading day and is at its highest level during the market open, levels off during the day but has two distinctive peaks at 13:30 and 15:00.
With regard to the different aspects of liquidity discussed above, we contribute to the literature in a number of ways. This is the first paper to use such a comprehensive dataset of quotes and trades to study individual equity option liquidity. Our findings imply a clear need for richer models of intraday volatility to incorporate liquidity spill-over effects. Also, the extent to which equity option spreads are affected by macroeconomic news announcements delivers new insights on the intraday determination of option liquidity and the systematic component of liquidity.
The remainder of the paper is organised as follows. Section 2 outlines the market structure of NYSE LIFFE and Section 3 discusses the development of hypotheses. Section 4 outlines the data selection and variable construction. Section 5 discusses the empirical results and the final section concludes the paper. The above arrangements provide a degree of discretion to market makers regarding meeting their spread and size obligations. This implies that the minimum level of liquidity is not always achieved and this is further reinforced by the fact that market participants cannot submit quote requests to market makers. Market makers as well as non-market makers are able to view the complete depth of the order book, depending on their trading arrangements separately handled by an exchange employee, depriving the market makers from the information contained within it (see Vijh, 1990) . A crucial difference between our work and Chan, Chung and Johnson (1995) is the fact that the order book is a major component in our study (see Neal, 1992) . 9 This feature of NYSE LIFFE considerably reduces the role of inventory risk management for option contracts. The exchange is responsible for allocating market makers for each individual equity option, however during the period that the schemes run, several market maker mutations occur and new market makers may be added on specific tickers.
NYSE LIFFE Market Structure
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8 Asset liquidity and hence the number of market makers for each asset is assessed and defined by the exchange. are obliged to post quotes at the limit order book whereas at CBOE market makers did not trade on the order book. In contrast, Chung and Zhao (2004) show that spreads established by market makers on NYSE stocks reflect market making costs which are however distinguishable from the spreads established on the limit order book.
Development of Hypotheses
Models of intraday equity option liquidity and its determinants
The first hypothesis is concerned with the role of market makers in the determination of intraday equity option liquidity in the context of a hybrid order book market with competing market makers. Section 2 describes the process of market making at NYSE LIFFE and here we draw attention to the intraday pattern of equity option liquidity and the determinants of intraday option liquidity.
A popular explanation for the intraday determination of liquidity is the inventory management theory (see Ho and Stoll, 1981; Amihud and Mendelson, 1982) . This theory involved in any deviation. Market makers adjust their bid-ask prices to optimize their inventory levels, thus bid-ask spreads widen when their inventory level diverges from the Alternative explanations focus on the role of information in the determination of intraday liquidity. In particular, the information asymmetry hypothesis posits that investors will adjust their spreads when the probability of trading with an informed trader increases (see Ho and Stoll, 1983; Glosten and Milgrom, 1985; Kyle, 1985) . Empirical evidence provides support for this hypothesis. Charoenwong and Chung (2000) show that specialists and limit order traders quote smaller depths for riskier stocks (defined by high return volatility) to limit potential losses to informed traders, and quote larger depths for stocks with greater trading volume. For the US options market, Wei and Zheng (2010) show that option volatility is the most important determinant of daily option liquidity. Wyart et al. (2008) identify a strong authors that the Amsterdam market is dominated by non-market makers, whereas the London and Paris markets rely more on the market-making facility.
positive correlation between spread and the volatility per trade (i.e., mid-point return volatility), implying that the main determinant of the bid-ask spread is the adverse selection component arising from informed trading. Chordia et al. (2001) document that volatility is closely associated with asymmetric information and that higher volatility leads to wider spreads in equity markets. Finally, Danielsson and Payne (2012) show that intraday liquidity is strongly positively associated with intraday volatility in the FX market.
In a similar context, Cho and Engle (2009) and Engle and Neri (2010) NYSE LIFFE, the influence of inventory management practices on option liquidity is diminished. The latter is in line with the predictions of Ho and Stoll (1983) for a competitive dealer market. Therefore, we propose the following hypothesis.
Hypothesis 1:
In an order book market with competing market makers, traders are more concerned with option volatility than inventory management.
Further, to date, there are no empirical studies on the intraday determinants of equity option liquidity. We develop hypotheses based on relevant studies for the US options market (see Wei and Zheng, 2010) and drawing from empirical findings for the equity and FX markets.
For the FX market, Danielsson and Payne (2012) show that spreads widen and depths are reduced in high volume and volatile intraday intervals. For the equity markets, volatility is closely associated with asymmetric information and higher volatility leads to wider spreads (see Chordia et al., 2001 Transaction frequency also reflects order processing costs and spreads are expected to widen when the number of trades decreases. Cho and Engle (1999) hypothesize that the expected relationship between bid-ask spread and time-to-maturity is negative because American-style options that are near maturity are more likely to be exercised and this will increase the difficulty for market makers to maintain their hedged positions. Wei and Zheng (2010) show that moneyness reflects the leverage effect or the effect of option return volatility. Dufour and Engle (2000) show that spreads are positively correlated with trade duration. Based on the above we develop the following hypothesis:
Hypothesis 2: Intraday equity option liquidity is positively related to volatility and trade duration and negatively related to volume, trade frequency, maturity and moneyness.
Macro-economic news and equity option liquidity
A topic which is closely related to the determinants of equity option liquidity is the incorporation of information in asset prices. That is, how is liquidity determined following the arrival of new macroeconomic information? A number of previous studies address this issue for equity and bond markets (e.g. Chordia et al., 2001 and Riordan et al., 2013), however there are no studies on this question in the equity options market. Fleming and Remolona (1999) Treasury inflation-protected securities market. Since theory and empirical literature suggest that macroeconomic news affects asset prices and liquidity, we conjecture that option market liquidity will also react significantly to these events.
Hypothesis 3:
Intraday equity option liquidity deteriorates immediately following a macroeconomic news event but reverts
Commonality in intraday equity option liquidity
The proposition that equity option liquidity at NYSE LIFFE is affected by macroeconomic news also implies that there could be a strong systematic component in the liquidity. This Based on these empirical findings in stock markets, we conjecture the similar existence of systematic liquidity in the option market.
Hypothesis 4:
Intraday equity option liquidity exhibits strong commonality during the trading day.
Data, Empirical Specification and Descriptive Statistics
Data sources and sample selection
We use an extensive intraday dataset consisting of 34 months of tick data for all individual equity options (henceforth tickers) trading at NYSE-LIFFE Amsterdam, London and Paris, from March 2008 to December 2010. 11 The option contracts traded for each ticker vary according to strike price, maturity date and contract type (i.e. call or put) (these are referred to as sub-tickers ). The data files contain information on maturity date, strike price, volume and price, time-stamped to the nearest second, separately for asks, bids and trades.
We omit tickers for which we failed to identify their underlying instruments from
DataStream. For Paris, we omit European-style contracts so that all options in the sample are American-style. For Amsterdam, we omit options traded on weekly and daily expiry cycles, because there are few of these contracts and their short expiry cycles may distort the results.
Overall, the majority of tickers remain in the sample (see Panel A of Table 1 ). For
Amsterdam, 90 percent of contracts are retained, while the figures for London (Paris) are 93 (84) percent. ***insert Table 1 here*** For each exchange and contract type (call or put), we categorize sub-tickers according to their moneyness level and days to expiration. Moneyness is defined as S/K, where S refers to the daily opening price of the underlying asset (not adjusted for dividend payments) and K refers to the option strike price. We subsequently select sub-tickers that fall within the at-the-money range (defined here as 0.95 to 1.05). Similarly, we control for expiration effects by focusing on short-term options only; sub-tickers that are between 90 and 7 days from expiration are selected.
We delete outliers based on spread and price criteria as follows. All zero volume, zero price and out-of-hours observations are deleted. 12 Quotes with negative or zero bid-ask spreads are dropped from the sample. Also, as in Wei and Zheng (2010), we control for possible outlying data by dropping quotes with excessively large bid-ask spreads. The cut-off point for the percentage bid-ask spreads is set at 150%.
Estimation of liquidity variables
We estimate several variables. Quoted spreads and depth serve as estimates of quote liquidity. Intraday volatility is based on 5-minute absolute returns. Traded volume and transaction frequency are derived from the trades sample and time-to-maturity and moneyness are allocated to each intraday interval. All variables are estimated at a ticker level 12 All three exchanges are open between 08:00 and 16:30 (London time). We drop the first five and last five minutes of trading from the calculations in order to avoid any overnight effects on prices and price distortions during the last five minutes of trading. We also delete half-days. There are no zero-volume trades in the raw dataset. However we include this restriction because the sample contains reported trades hence all trades should contain a reported traded volume. The latter is an important distinction from datasets where market orders may contain zero volume (pre-reporting).
and then aggregated to equal-weighted averages for each date-time interval. The definitions of each variable are described below.
The estimation of quoted spreads, depths and option returns is based on sub-ticker midquotes which are calculated at 5-minute intervals from bid and ask prices as follows. At each trading day, we select the first quote of the day which is however quoted no later than 8.01am. We then retain bid and ask quotes at 5-minute intervals, h, however we control for stale pricing by dropping bid and ask prices that are recorded more than two minutes prior to each 5-minute interval. For the closing return (16:30), a 2-minute rule applies. We only estimate midquotes when both ask and bid prices are found within the aforementioned intervals. The above procedure allows us to maintain the maximum number of observations at regular time intervals, controlling at the same time for the biases of missing variables and stale pricing.
The above discussion does not imply that the 5-minute spreads are calculated from one bid and one ask price only. Instead, we calculate the average per sub-tickers for all quotes that meet the criteria within each time interval. Excluding the opening and closing, n denotes the total number of intraday intervals (101).
The most commonly used spread measure is the quoted bid-ask spread, defined as the difference between the most recent ask and bid prices (see Petrella, 2006; Cao and Wei, 2010; Wei and Zheng, 2010) . For each sub-ticker, we control for price level differences by calculating the percentage bid-ask spread (PBASt), defined as the ratio of quoted spread over the quote midpoint:
(1)
where Ask5-min and Bid5-min are the ask and bid prices sampled at 5-minute intervals respectively and and M5-min is the trade midquote defined as half the sum of bid and ask prices at each interval. A reciprocal measure of liquidity is quoted depth (see Harris, 1990) . Lee et al. (1993) show that spreads are only one dimension of liquidity, because dealers who narrow spreads while reducing depths may be perceived as providing more liquidity while in fact they do not. They conclude that decreases (increases) in liquidity are associated with a simultaneous widening (narrowing) of the spread and a reduction (increase) in depth. Vijh (1990) associates depth with the number of market makers because increases in the number of market makers are associated with higher costs of carrying more inventory. The author shows that market depth at the CBOE is offered at the expense of wider bid-ask spreads, thus when depths increase, spreads also widen because market makers request higher compensation to recover the higher inventory costs of providing greater depth. These results are opposite to those reported by Lee et al. (1993) for the NYSE whereby depths and spreads are inversely related, reflecting two dimensions of liquidity. 13 In an order-book setting, spreads and depths are expected to be substitutes if greater depths have no implication for inventory management costs.
We measure quoted depth (Depth) in number of contracts as follows:
13 It can be shown that liquidity has four dimensions: width, depth, immediacy, resiliency (see Cho and Engle, 1999) . Width (spread) and depth are by far the most common liquidity measures. On NYSE LIFFE, spread and depth are combined to define the contractual obligations of liquidity providers.
where Volumeask,5-min and VolumeBid,5-min refer to the number of contracts quoted at the ask and bid prices, respectively.
Logarithmic intraday returns (r) are calculated on midquote prices at a sub-ticker level, however large jumps may be recorded (despite the maximum spread selection criterion).
Also, a problem arises with the calculation of realized volatility in less liquid markets as the definition of realized volatility (sum of intraday squared returns) implies that returns are estimated for all intraday intervals. We alleviate these issues as follows. First, we omit returns whose absolute value is greater than three standard deviations from their mean per ticker (only one percent of the observations). Returns are averaged for each ticker at an intraday level. Second, we use the absolute value of intraday 5-minute returns as a measure of intraday volatility. Finally, in order to be consistent with the use of quoted liquidity and to avoid any stale pricing problems, we use the average quoted volume per interval as an intraday measure of trading activity. We construct equally-weighted averages at each interval for all variables and each intraday variable is standardized by subtracting the daily mean and dividing by the daily standard deviation for each trading day of each ticker.
Descriptive statistics
Panel B of Table 1 
Empirical Analysis
Intraday behaviour of equity option liquidity and its determinants
In the first part of this sub-section, we examine to what extent inventory management can explain the intraday behaviour of liquidity in the equity options market (Hypothesis 1). As discussed in Section 3, we hypothesize that in a like NYSE LIFFE for equity options, inventory management models cannot explain the intraday behaviour of liquidity. Instead, in line with Ho and Stoll (1983) , option liquidity is expected to be primarily determined by option volatility. The latter notion has been mainly associated with information asymmetries (see Wyart et al., 2008) but also with the derivatives hedging theory (see Neri, 2010 and Cho and Engle, 1999) . In order to investigate this hypothesis, we estimate the following regression for intraday option liquidity and option volatility:
Stnd_Vt refers to the t-th observation of the standardised variable (PBAS, Depth, Volatility).
Dt refers to dummy variables for each 5-minute interval t. In total there are 101 5-minute intervals during the trading day, but we omit the interval at the middle of the day (12:00-12:05) which is captured by the coefficient 0. When presenting the results, the coefficient for each intraday interval is the sum of the regression coefficient for that interval and the constant, therefore we drop the constant from the figures. Equation (3) Both studies agree that the volatility in the spread and depth measures at the market close is related to market structure differences, as the monopolistic power of dealers on the NYSE widens spreads at the market close, whilst the competitive presence of market makers at the CBOE and SFE drive spreads narrower. Our results are consistent with the hypothesis that market maker influence diminishes in the market structure employed by NYSE LIFFE for the determinant of liquidity in a hybrid market such as for equity options trading at NYSE LIFFE. We discuss these findings further in the multivariate analysis below.
Proceeding from this, we aim to more formally establish the intraday determinants of equity option liquidity (Hypothesis 2). We estimate the following regression:
Where PBAS refers to percentage quoted bid-ask spread. Lagged values of the dependent variable to capture autocorrelation effects. 16 Volt refers to the absolute return which is used as a measure of volatility, Vlm refers to the natural logarithm of the average quoted volume, and
Tr refers to transaction frequency. TTM and Mon are control variables that refer to time-tomaturity in days and moneyness, respectively. Dur refers to the number of minutes between trades during a trading day. All estimations are reported with Newey-West standard errors.
The results are presented in Table 3 . *** insert Table 3 As hypothesized, near-maturity options exhibit wider spreads. This is in line with Cho and
American-style options that are near maturity are more likely to be exercised and this will increase the difficulty for market makers to maintain their hedged positions, hence a negative sign would be expected. The coefficient for moneyness is negative and highly significant for 5 of 6 cases, confirming the leverage effect and option return volatility hypothesis from Wei and Zheng (2010) . 17 Dufour and Engle (2000) show that spreads are positively correlated with durations. Consistent with their findings, we show that the coefficient for duration is positive and significant for the more frequently traded markets (Amsterdam and London).
The effect of macro-economic news on intraday equity option liquidity
*** insert Table 4 here***
In this section we initially investigate which news announcements affect intraday equity option liquidity (Hypothesis 3). Equation (5) includes intraday event dummies to capture the 17 In a separate set of regressions, we also confirm the findings of Cho and Engle (1999) 
Where PBAS refers to percentage bid-ask spread. Control refers to the exogenous variables from Equation (4). Country, Euro and US refer to the country-specific, European Unionspecific and US-specific set of dummy variables (identified in Table 4 ). The coefficients on the macroeconomic announcement dummies are presented in Table 5 . *** insert Having established that macroeconomic news can be considered as liquidity shocks, we establish how long it takes for liquidity after a news shock. 19 The procedure we adopt to establish shock duration is visually described in Figure 4 . *** insert Figure 4 here*** 18 In separate regressions, we also confirm this finding for the Bank of England interest rate and UK money supply announcements.
Controlling for the macroeconomic shocks, the path of PBAS can be forecasted from the autoregressive coefficients of Equation (5). For example, given knowledge of the average PBAS in the time periods prior to an event, we can forecast the spread as the weighted sum of means of the autoregressive coefficients plus the constant term. This is represented by the dotted line in Figure 4 event not occurred. The results show that the effects of news are generally short-lived. In the case of Country and EU effects, shocks usually disappear within 5 minutes, a finding which is consistent across all markets and contract types. However, for the US news and US equity market opening time, shocks are more persistent. In general, bid-ask spreads within 10 minutes of the release time. 20 Clearly the spread could have any slope and the positive slope is only used here as an example.
A final question regarding the effect of macroeconomic news on equity option liquidity is the extent of any cross-country effect. For example, do the UK macroeconomic announcements impact the French equity options market? We estimate the following regression.
Where PBAS refers to percentage bid-ask spread. Control refers to the exogenous variables in
Equation 4. Macro refers to the country-specific, European Union-specific and US-specific set of dummy variables (identified in Table 4 ). Cross refers to a set of dummy variables that capture possible cross-country effects. For example, for Amsterdam, we add a set of dummies that refer to the UK macroeconomic news announcements. For Paris, all macroeconomic announcements are made prior to the market opening, hence there are no cross-country dummy variables. The results are presented in Table 6 . *** insert Table 6 here*** In general, UK CPI and GDP announcements have a spill-over effect on the equity option liquidity of the Dutch and French markets. In contrast, London liquidity is only partially affected by the Amsterdam Trade Balance announcements. The results also confirm that put contracts react more strongly to cross-country effects and cross-country events typically increase option liquidity. The additional explanatory power from the cross-country effects is modest.
Commonality in intraday equity option liquidity
The above results confirm the hypothesis that equity options are prone to market-wide effects during the trading day that strongly determine the intraday pattern of option liquidity. To explore this further, this section studies commonality in liquidity across options contracts by constructing plots of systematic liquidity during the trading day (Hypothesis 4). We employ Principal Component Analysis (PCA) to infer the intraday commonality in liquidity. The procedure is as follows. First, we apply the PCA to 30-minute intervals since there are not enough observations to guarantee a continuous sample at a higher frequency. In total, there are seventeen 30-minute intervals (n) during the trading day. N is the total number of days in the sample, hence the total number of 30-minute intervals is N n. We treat each interval independently and in order to accommodate missing data, we apply two criteria. First, for each interval, we only use tickers that report quotes for 80% of the number of days. Second, we interpolate missing values by using the mean liquidity estimate per interval. This allows us to retain the maximum number of tickers per interval and also use a n x i matrix where the number of intervals (n) is greater than the number of tickers (i). All ticker measures are standardized by the daily mean and daily standard deviation per ticker in order to avoid overweighting because of scale differences (see Korajczyk and Sadka, 2008; Dunne et al., 2011) .
For each trading day, we extract the first three principal components. We plot the proportion of variance explained by the first principal factor in Figure 6 . *** insert Figure 6 here*** For Amsterdam, the proportion of variance explained by the first principal factor is on average 12% for calls and 11% for puts, nevertheless systematic liquidity varies considerably during the trading day. Thus, in the first 30 minutes of trading the proportion of systematic liquidity is 21% for both calls and puts and follows a U-shape pattern with a low of 7% for calls and 6.5% for puts at 11:30. A second peak in systematic liquidity is observed at 15:00.
For London, the average figures are 14% for calls and 13% for puts. Clearly systematic liquidity is at its highest level at the market open and levels off during the day with two distinctive peaks at 13:30 and 15:00. Finally, the average systematic liquidity figure for Paris is 16% for both calls and puts. The proportion of systematic liquidity is on average 27% at the market open and in contrast to the other markets, the Paris market appears to have additional elevated systematic liquidity at 10:00 and 12:00. The common peaks across the three plots correspond to overnight information arrival and the US equity market opening, which are logical sources of systematic movements.
Conclusions
For option markets, the literature on liquidity is very thin. To our knowledge, there are no prior studies on the intraday determination of equity option liquidity. This paper focuses on two main aspects of option liquidity: (i) the intraday behaviour of equity option liquidity and its determinants and (ii) the influence of macro-economic events and commonality on intraday equity option liquidity. We contribute to the options market microstructure literature in several respects explained below.
We examine the intraday patterns of liquidity and volatility at NYSE LIFFE, an electronic, order-driven market with registered trading members and competing liquidity providers. This is crucial in order to determine the influence of the order book on inventory management. We contest the claim made in Frino et al. (2008) that inventory management models explain the intraday variations in option spreads and depths. Option liquidity measures are strongly correlated with option volatility. We suggest that this finding reflects the practices of traders who manage their risks by hedging their positions in the underlying market (see Engle and Neri, 2010) . This explains why our results differ from the intraday pattern of liquidity measures observed by Frino et al. (2008) for the SFE and also explains why intraday spreads decrease monotonically on NASDAQ (see Chan, Christie and Schultz, 1995) but are correlated with volatility on CBOE (see Chan, Chung and Johnson, 1995) and NYSE LIFFE.
We show that the option liquidity measures are strongly correlated with option volatility. For
Amsterdam, in contrast to the expected outcome if inventory risk were an important component of the bid-ask spread, increases in volume and volatility are associated with decreases in liquidity. These findings are in line with information asymmetry models and the derivatives hedging theory. For London and Paris, we find evidence to support both the information asymmetry and inventory management models.
We study the reaction of option liquidity to a series of macroeconomic events. Option liquidity reacts strongly to US macroeconomic news announcements. Also, the average systematic liquidity component is 12% for Amsterdam, 14% for London and 16% for Paris.
Systematic liquidity varies considerably during the trading day and is at its highest level
during the market open then levels off during the day with two distinctive peaks at 13:30 and 15:00. This is the first paper to use such a comprehensive dataset of quotes and trades to study individual equity option liquidity. Our findings imply a clear need for richer models of intraday volatility to incorporate liquidity spill-over effects. Finally, the extent to which equity option spreads respond to macroeconomic news announcements has not been previously studied, and this aspect sheds more light on the intraday determination of option liquidity and the systematic component of liquidity.
Wei and Zheng (2010) present the view liquidity has just begun. This study sheds new light on the elusive concept of intraday option liquidity and the identification of its determinants. Number of days refer to the total number of trading days in the sample. Number of tickers refers to the total number of firm-options trading at the exchanges and includes delisted options. The figures in parentheses are the number of tickers in the raw dataset prior to application of our selection criteria. Spread refers to percentage quoted spread. Depth is calculated from the average of bids plus asks per five minute interval. Intraday volatility is estimated from 5-minute absolute returns. Volume refers to the average traded volume per interval. Number of trades refer to transaction frequency per 5-minute interval which is calculated as the total number of trades over the total number of date-time intervals. Duration is measured in minutes and refers to the average time between trades. *** denote a significant difference in means between calls and puts at the 1% level. Intraday volatility (Volt) is estimated from 5-minute absolute returns. Vlm and Tr refer to the natural logarithm of the average quoted volume and the transaction frequency per 5-minute interval. TTM and Mon are exogenous variables that refer to time-to-maturity in days and moneyness respectively. Dur refers to duration that is measured in minutes and refers to the average time between trades. Each equation is estimated using OLS and Newey-West standard errors are reported. T-statistics in parentheses. *, **, *** denote significance at 10%, 5% and 1% levels, respectively. *, **, *** denote significance at the 10%, 5% and 1% levels, respectively.
Figure 1 Intraday variation of standardized quoted bid-ask spread
Spread refers to the percentage quoted bid-ask spread measured at 5-minute intervals. Each bar denotes the estimated coefficient of Equation (). In total there are 101-minute intervals during a day, however we drop the interval at the middle of the day (12:00-12:05) which is captured by the constant. When presenting the results, the coefficient for each intraday interval is the sum of the regression coefficient for that interval and the constant, therefore we drop the constant from the tables. Equation (6) is estimated with the Newey-West correction for autocorrelation and heteroscedasticity. Shaded bars denote a significant coefficient at the 5% level.
Figure 2 Intraday variation of standardized depth
Depth refers to the sum of ask and bid volume, sampled at 5-minute intervals. Each bar denotes the estimated coefficient of Equation (6). In total there are 101-minute intervals during a day, however we drop the interval at the middle of the day (12:00-12:05) which is captured by the constant. When presenting the results, the coefficient for each intraday interval is the sum of the regression coefficient for that interval and the constant, therefore we drop the constant from the tables. Equation (7) is estimated using the Newey-West correction for autocorrelation and heteroscedasticity. Shaded bars denote a significant coefficient at the 5% level.
Figure 3 Intraday variation of standardized volatility
Volatility refers to the absolute value of 5-minute returns. Each bar denotes the estimated coefficient of Equation (7). In total there are 101-minute intervals during a day, however we drop the interval at the middle of the day (12:00-12:05) which is captured by the constant. When presenting the results, the coefficient for each intraday interval is the sum of the regression coefficient for that interval and the constant, therefore we drop the constant from the tables. Equation (7) is estimated using the Newey-West correction for autocorrelation and heteroscedasticity. Shaded bars denote a significant coefficient at the 5% level.
Figure 4 Shock duration
Figure 6 Systematic liquidity
Systematic liquidity refers to the proportion of variance explained by the first principal factor. The description of how the principal component is extracted separately for each market and contract type is described in Section 5.2.
